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Abstract About 5% of the human genome consists of
large-scale duplicated segments of almost identical
sequences. Segmental duplications (SDs) have been
proposed to be involved in non-allelic homologous
recombination leading to recurrent genomic variation
and disease. It has also been suggested that these SDs
are associated with syntenic rearrangements that have
shaped the human genome. We have analyzed 14
members of a single family of closely related SDs in the
human genome, some of which are associated with
common inversion polymorphisms at chromosomes

8p23 and 4p16. Comparative analysis with the mouse
genome revealed syntenic inversions for these two
human polymorphic loci. In addition, 12 of the 14 SDs,
while absent in the mouse genome, occur at the breaks
of synteny; suggesting a non-random involvement of
these sequences in genome evolution. Furthermore, we
observed a syntenic familial relationship between 8 and
12 breakpoint-loci, where broken synteny that ends at
one family member resumes at another, even across
diVerent chromosomes. Subsequent genome-wide
assessment revealed that this relationship, which we
named continuation-of-synteny, is not limited to the
8p23 family and occurs 46 times in the human genome
with high frequency at speciWc chromosomes. Our anal-
ysis supports a non-random breakage model of genomic
evolution with an active involvement of segmental
duplications for speciWc regions of the human genome.

Introduction

Large segmental duplications (SDs) are estimated to
make up about 5% of the human genome (Bailey et al.
2002; Cheung et al. 2003). Several reports indicate that
SDs are associated with syntenic rearrangements in the
human genome relative to mouse (Armengol et al.
2003; Bailey et al. 2004; Bi et al. 2002; Gimelli et al.
2003; Valero et al. 2000). It has been suggested that
segmental duplications are driving forces for evolution-
ary rearrangements and variation in chromosomal
structure (Armengol et al. 2003). However, the nature
and pattern of SDs shaping mammalian genomes
remains to be elucidated. What is clear, however, is that
large duplicated segments with near identical sequences
can be hotspots for the occurrence of non-allelic
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homologous recombination or unequal crossing-over.
These events can lead to genomic variations such as
deletions, duplications, inversions, or translocations.
Changes in gene dosage or rearrangements in chromo-
somal architectural structure mediated by SDs can lead
to human disease traits and are called genomic disorders
(Inoue and Lupski 2002; Lupski 1998). Recently, it has
become apparent that a number of genomic variants and
rearrangements occur frequently in the general popula-
tion (Iafrate et al. 2004; Sebat et al. 2004; Sharp et al.
2005). Investigation of speciWc loci or chromosomal
regions has identiWed a few known common variations
in genomic architecture. Examples of this are found on
chromosome 8p23 and 4p16 where common submicro-
scopical inversion polymorphisms are described (Giglio
et al. 2001, 2002). Based on the structural features of
SDs in opposite orientation surrounding the inversions,
i.e. palindromic SDs (PSDs), we recently performed a
genome-wide survey to identify additional loci in the
human genome with similar higher order structure
(Mehan et al. 2004). We identiWed more than 200 dis-
tinct loci that could contain genomic variations such as
submicroscopical inversions similar to that observed on
8p23 and 4p16. Some of these have already been shown
to be involved in genomic disorders and inversion poly-
morphisms such as Williams–Beuren syndrome (WBS,
MIM 194050) at 7q11 (Osborne et al. 2001), Angelman
syndrome (AS; MIM 105830) on 15q11–q13, (Gimelli
et al. 2003), Emery–Dreifuss muscular dystrophy
(EDMD, MIM 310300) on chromosome Xq28 (Small
et al. 1997) and the microtubule-associated protein tau
(MAPT) containing region at 17q21.31 (Cruts et al.
2005; Stefansson et al. 2005). The widespread distribu-
tion of these structures suggests a potential high degree
of plasticity of the human genome even beyond the list
of loci of already known genomic disorders. In addition
to the strong sequence similarity between the 8p23 and
4p16 PSD sequences, we identiWed two additional PSD
loci and six single SDs composed of the same duplicated
sequences elsewhere in the human genome. These
duplicated sequences belong to the previously identiWed
olfactory receptor (OR)-containing 7E SD family (New-
man and Trask 2003). Our study of human–mouse con-
served synteny surrounding these segmental
duplications led to the discovery of an association
between pairs of breakpoints in human–mouse con-
served synteny and their Xanking sequence in the human
genome. This association, which we refer to as “continu-
ation-of-synteny”, involves nearly identical segmental
duplications that Xank breakpoints in human–mouse
synteny at two diVerent locations in the human genome.
These segmental duplications are involved in continua-
tion-of-synteny if a syntenic block that ends at one of

these breakpoints continues at the other SD containing
breakpoint. To determine the extent of this phenome-
non in the human genome we performed a genome-wide
examination of human and mouse genomes. The results
revealed that this speciWc pattern of syntenic rearrange-
ment involving related segmental duplications is not
uncommon in the human genome. Additionally, many
of the segmental duplications involved in continuation-
of-synteny form inter-related families. We discuss two of
the larger family structures here: the 8p23 family, which
is a subset of the OR 7E family of SDs; and three over-
lapping families of SDs located on chromosome 17. 

Results

Genome-wide continuation-of-synteny

We conducted a genome-wide search for human
genome segmental duplications involved in continua-
tion-of-synteny with the mouse genome. Of the 283
pairs of syntenic breakpoints that we identiWed, 46
shared at least 5 kb of duplicated sequence with at least
85% sequence identity (Supplemental data). Many of
these syntenic breakpoints contained multiple segmen-
tal duplications that clustered together, often in a con-
sistent order. We manually mapped each of these loci
to the current builds of the human and mouse genomes
and found that all but two continuation-of-synteny
events remained present.

The continuation-of-synteny segmental duplications
we identiWed are primarily intra-chromosomal, with
only three pairs located on diVerent chromosomes.
Mouse chromosome 11 had 11 continuation-of-synteny
loci involved in segmental duplications in the human
genome. This was the most for any mouse chromosome
while mouse chromosomes 12, 17, and 18 contained
none. We noted that human segmental duplications
that are involved in continuation-of-synteny events on
the same mouse chromosome often shared strong
sequence identity, speciWcally on mouse chromosomes
5, 7, 9, and 11. Our search for continuation-of-synteny
events involving segmental duplication in the mouse
genome compared to the human genome did not
return any SD blocks greater than 5 kb.

Inter-chromosomal 8p23 Family

In the human genome freeze of July 2003, we identiWed
four pairs and six single occurrences of a segmental dupli-
cation that share at least 90% identity over more than
20 kb of “fuguized” sequence of the distal member of the
segmental duplication pair on 8p23 (8p23dist) (Fig. 1).
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The “fuguization” process reduces computation time and
background noise, by removing both repetitive elements
masked by Repeat Masker (A.F.A. Smit and P. Green,
unpublished), and non-sequenced gaps. The segmental
duplications from each pair exist in opposite orientation
to one another and are separated by no more than 5 Mb.
The segmental duplication pairs on chromosome 8p23
and 4p16 Xank known inversions, whereas the pairs on
chromosomes 3q21–q22 and 11q13 do not harbor any
known genomic rearrangements. Of the six unpaired seg-
mental duplications, two are located on chromosomes
that also contain segmental duplication pairs (3p21 and
11p15). Of the remaining single occurrences two are
located on chromosome 7 (7p22 and 7q21), and one each
on chromosome 12p13 and 16p13. Some sequence over-
lap was found with a region on chromosomes 3p25 and
21q, but since the sequence similarity was to a small sub-
set (<20 kb) of the duplicated segments and very frag-
mented (not contiguous), it was decided not to consider
these two loci in our subsequent analyses.

Of the 12 members that coincide with a break in
human–mouse synteny, eight are involved in at least
one continuation-of-synteny with another member of
the family. Furthermore, in every case of continued
synteny involving two SD loci, the orientation of the
SDs is consistent. For example, if a syntenic block ends
on the left hand side of the Wrst SD, the syntenic block
continues on the right hand side of the SD at the other
locus (Fig. 2).

We observed that the two chromosomes that harbor
known inversions, 8p23 and 4p16, show strong syntenic
evidence of an inversion between the human and
mouse assemblies (Fig. 3a, b). If the sequence on 8p23
between the pair (distal and proximal) of SDs is
reversed, it completes the break in synteny that occurs
at the 8p23prox locus. If the sequence between the pair
of SDs on chromosome 4p16 is inverted, it completes
the breaks in synteny at both SD loci. We observed a
similar pattern on chromosome 11, whereby if non-
homologous recombination were to occur between
11p15 and 11q13dist it would complete both breaks in
synteny at both loci (Fig. 3c). We also identiWed a sin-
gle continuation-of-synteny event involving 3p25 and
12p13.

Fig. 1 The chromosomal distribution of family of 8p23 SDs. Duplicated segments that share sequence similarity are the same color.
IdentiWcation of blocks was obtained by using BLAST sequence alignment tools

Fig. 2 Diagram representing a human continuation-of-synteny
event with the mouse genome. Here two syntenic blocks located
on diVerent human chromosomes corresponds to continuous
blocks in the mouse genome. These syntenic blocks are Xanked
by highly identical (>85% sequence identity) segmental duplica-
tions (SD-1, SD-2)
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All syntenic blocks involved in continuation of synt-
eny with in this family are derived from mouse chro-
mosomes 5, 6, 7, and 8. Mouse chromosomes 5 and 6
are almost completely composed of sequences Xanking
the 8p23 SD family. The syntenic blocks Xanking both
8p23 SDs from chromosome 7 and the pair from
human chromosome 4 encompass 85% of mouse chro-
mosome 5. Mouse chromosome 6 is 88% composed of
syntenic blocks Xanking the SDs from chromosome 7,
all the SDs from chromosome 3, as well as the single
SD on chromosome 12. Mouse chromosome 7 contains
the sequences Xanking the 11q13dist and 11p15 SDs
however these syntenic blocks constitute only a small
part of the chromosome. Mouse chromosome 8 har-
bors the single continuation-of-synteny at 8p23prox.

Chromosome 17 intra-chromosomal families

Our algorithm identiWed 11 instances of continuation
of synteny involving 13 SD loci from human chromo-
some 17. Nine of the 13 SD loci were involved in two
continuation-of-synteny events and the remaining 4
were only involved in 1. Analysis of the SD loci
revealed three distinct segmental duplication blocks
(Fig. 4a).

All syntenic blocks from human chromosome 17 are
located on mouse chromosome 11 (Fig. 4). Previous
studies comparing human–mouse syntenic block rear-
rangements have determined that these syntenic blocks
can be reordered to match the syntenic order of mouse
chromosome 11 through a series of 11 inversions
(Bourque et al. 2004). These 11 inversions occur at 15
breakpoints, 5 of which are used more than once. We
have determined that each of the breakpoints from the

proposed inversions share duplicated sequence, and
these sequences are members of the three families we
identiWed. In one case of breakpoint reuse, the pair of
similar SDs that Xank the Wrst proposed inversion are
from a diVerent family than the pair that Xank second
proposed inversion. This is due to neighboring SDs at
the same locus (Fig. 4).

Discussion

We have discovered a relationship between break-
points in human–mouse synteny in particular regions
of the human genome that strongly supports a non-ran-
dom breakage model of genomic evolution. We inves-
tigated the extent of this relationship in the human
genome and identiWed 46 pairs of segmental duplica-
tions with a pattern of continuation-of-synteny
between mouse and human genomes involving
sequences immediately Xanking these SDs. Our analy-
sis revealed the SDs involved in this continuation-of-
synteny phenomenon cluster into SD families as seen
in the 8p23 and chromosome 17 families. These fami-
lies contain segmental duplications that Xank known
inversion polymorphisms in the human genome, and
may be instrumental in shaping the human genome.

Continuation-of-synteny involving the 8p23 SD family

Continuation of synteny provides strong support for
the non-random breakage model of chromosomal evo-
lution. Previous studies have shown that breakpoints in
synteny are enriched with segmental duplications but
hypothesized that this association did not necessarily

Fig. 3 Examples of human genome continuation-of-synteny.
Syntenic blocks are colored according to mouse chromosome.
The syntenic block location in the mouse assembly is displayed at
the end of the blocks in megabases and arrows depict syntenic ori-
entation. a One instance of continuation-of-synteny involving
8p23prox and 8p23dist. By reversing the sequence between the
paired SDs, a larger syntenic region is formed from two mouse

chromosome 8 syntenic blocks that spans the 8p23prox SD. b Two
instances of continuation-of-synteny on 4p16. Reversing the se-
quence between the paired SDs resolves both breaks of synteny
with mouse chromosome 5. c Two instances of continuation of
synteny involving 11p15 and 11q13dist with mouse chromosome 5.
Chromosome 11 is shown bent to align the orientation of the SDs
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imply causality (Armengol et al. 2003; Bailey et al.
2004). While none of the sequences of the 8p23 SD
family were present in the mouse genome, we noted
that 12 of the 14 SD loci in the human genome coin-
cided with a break of synteny in the mouse. This obser-
vation conWrms earlier reports describing duplicated
segments to be associated with syntenic rearrange-
ments (Armengol et al. 2003; Bailey et al. 2004).
Although none of the duplicated sequence is located in
the mouse genome, a striking observation is that
mouse chromosomes 5 and 6 are almost entirely com-
posed of sequence Xanking the 8p23 family. One possi-
ble explanation for this is that the 8p23 SD family
mediated both inter and intra-chromosomal syntenic
rearrangement events between the ancestral mamma-
lian chromosomes, and especially within the primate
lineage.

The involvement of the 8p23 SD family in syntenic
rearrangements in the primate lineage is further

supported by one member of the 8p23 SD family
located at 11q13. The proximal 11q13 duplication is not
located at a break of human–mouse synteny and absent
from the chimpanzee assembly, suggesting that it is a
human-speciWc duplication. Our experimental in situ
hybridization analyses of this region were suggestive
for the absence of the 11q13prox duplication in the
chimpanzee genome as well (data not shown). Previous
cytogenetic work of Trask and colleagues (Trask et al.
1998), studying the distribution of olfactory receptor
gene family clusters (also part of the 8p23 SD family)
in diVerent primates species showed a decrease of
probe intensity for human 11q13 in the orthologous
chimpanzee region, but did not discuss the presence of
only one copy. Further detailed molecular analysis is
required to conWrm the absence of the 11q13prox dupli-
cated segments in the chimpanzee genome, and show
that this segmental duplication event is unique to the
lineage of Homo sapiens, and therefore not likely to be

Fig. 4 Segmental duplica-
tions and surrounding sytenic 
blocks between human chro-
mosome 17 and the distal-q 
arm of mouse chromosome 
11. Both chromosomes and 
the segmental duplications 
have been fuguized. a The 13 
SD loci identiWed by our algo-
rithm that are involved in at 
least one continuation-of-
synteny event. The colored ar-
rows of the same color repre-
sent segmental duplication 
blocks that share sequence 
identity. The names of the loci 
correspond to pairs identiWed 
by our algorithm. b A visual 
representation of BLAST 
alignments between human 
chromosome 17 and mouse 
chromosome 11 illustrating 
the continuation-of-synteny 
phenomenon. The black 
vertical bars above the human 
sequence represent the loca-
tion of human-speciWc seg-
mental duplications and the 
green arrows indicate syntenic 
block orientation
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involved in syntenic rearrangements separating rodent
and primate genomes. It is possible that a single
instance of the continuation-of-synteny or the lack
thereof (i.e. on 11q13prox) results from an artifact in the
genome assembly but that does not change the overall
picture of speciWc patterns of synteny in the human
genome.

Comparative analysis as predictive tool for inversion 
polymorphisms

In a recent study comparing the genomes of human
and chimpanzee, a large number of syntenic inversions
were identiWed, some of which were later shown to be
human inversion polymorphisms (Feuk et al. 2005).
Our observations support this approach even with
comparative analysis between two species that are as
distant as human and mouse. In many known common
inversion polymorphisms, such as the 4p16 and 8p23
inversion regions, the human–mouse synteny in these
regions was reversed and Xanked by one or two contin-
uation of synteny loci. A similar Wnding of syntenic
inversions between mouse and human orthologous
sequences was previously reported for the WBS region
on 7q11 (DeSilva et al. 2002; Valero et al. 2000) and
AS region on chromosome 15q11–q13 (Gimelli et al.
2003). These two regions are not only known to be
involved in chromosomal rearrangements leading to
genomic disorders but also to harbor common inver-
sion polymorphisms (Gimelli et al. 2003; Osborne et al.
2001). The recently identiWed inversion polymorphism
at 17q21.31 containing the MAPT gene (Cruts et al.
2005; Stefansson et al. 2005) shows similar syntenic fea-
tures in a comparison between human and mouse
genomes. These multiple observations of human–
mouse syntenic inversions of human loci together with
known genomic inversion polymorphisms suggest that
comparative genomic analysis may be a powerful tool
for predicting the location of submicroscopical inver-
sion polymorphisms and perhaps other types of geno-
mic variations. The potential for this method to predict
the involvement of the paralogous segments in geno-
mic variation is exempliWed by the identiWcation of
PSD structures at 3q21–q22 and 16q22.

Implication for genomic evolution 

The SDs that Xank known common inversions poly-
morphisms in the human genome are consistently in
opposite (“palindromic”) orientation indicating that
SDs role in mediating inversions is orientation depen-
dent (Mehan et al. 2004). This palindromic pair struc-
ture is seen in four instances within the 8p23 SD family.

We further observed that all 8p23 family SDs that are
part of continuation-of-synteny events, regardless of
their proximity, exhibit the same orientation relative to
their Xanking syntenic blocks, This is true for continua-
tion-of-synteny events with paired SDs (e.g. 4p16),
non-paired on the same chromosome (e.g. 11q13dist

and 11p15), as well as for inter-chromosomal instances
of continuation of synteny (12p13 and 3p25). This sug-
gests Wrst that this family of SDs is not only involved in
more recent common inversion polymorphisms, but
may also have played a role in evolutionary primate
chromosomal rearrangements. The fact that we did not
detect any mouse–human continuation-of-synteny pat-
terns in the mouse genome suggests that this phenome-
non may have occurred only in speciWc lineages.
Alternatively, the absence of these events in the mouse
genome may be caused by an incomplete genome
assembly in which segmental duplications are under-
represented.

Our genome-wide search revealed that approxi-
mately 17% of breakpoints in human–mouse synteny
contain at least one continuation of synteny event.
Recently, Bourque et al. (2004) described a much
higher rate of rearrangements in rodents than in the
human lineage, implicating the existence of rearrange-
ment hotspots. In a three-way comparison of human
chromosome 17 with mouse chromosome 11 and rat
chromosome 10 (h17/m11/r10) they reconstructed the
genomic architecture and assigned rearrangement
events to the particular lineages. Interestingly, each of
the human chromosome 17 rearrangement hotspots
involved in syntenic inversions described by Bourque
et al. (2004) contain related duplicated segments that
show continuation-of-synteny in our analysis. Our Wnd-
ing implies an active involvement of SDs in syntenic
rearrangements in the primate lineage for this part of
the genome, expanding upon Bourque’s proposed
model of breakpoint re-usage. Recent discussions
about human genome evolution have favored a non-
random model, in which a tendency is observed for
chromosomal breaks to reoccur at certain “fragile”
genome regions (Armengol et al. 2003; Bailey et al.
2004; Pevzner and Tesler 2003). This model has been
contrasted with a random breakage model of genomic
evolution postulated by Ohno more than three decades
ago (Ohno 1973) and supported by others (Nadeau and
Taylor 1984). Our observation of human/mouse con-
tinuation-of-synteny aVecting speciWc regions of these
genomes strongly supports the more recent hypothesis
of non-random model of breaks of synteny. However,
our Wndings also suggest a possible “local” eVect of this
phenomenon, which may indicate that both models
may be valid for diVerent parts of the human genome.
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Further systematic analysis of regions in the human
genome considering duplicated segments as well as
syntenic rearrangements in genomes of other species is
required and should provide more insight into mecha-
nisms of genome evolution, plasticity, and possibly
common genomic variation.

Methods

IdentiWcation of 8p23 segmental duplication family

To determine the extent of genome wide duplication of
the segmental duplications on chromosome 8p23, we
used UCSC BLAT search to align sequence from the
distal segmental duplication (8p23dist) against the July
2003 Freeze (hg16) of the human genome. Our crite-
rion for a duplicated locus was at least 90% of
sequence identity over 20 kb. All sequence analyses
were performed after “fuguization”(Bailey et al. 2001),
i.e. removal of repetitive elements masked by Repeat
Masker (A.F.A. Smit and P. Green, unpublished), and
unsequenced gaps in the genome assembly.

Genome-wide search for continuation-of-synteny

Analysis of genome-wide continuation of synteny was
conducted using the Mouse Alignment Net data set
(netMm4 Position Table) from the UCSC Genome
Browser. The Mouse Alignment Net data set contains
consensus alignment chains derived from blastz align-
ments of human build 33 and mouse build mm4. We
“fuguized” the human and mouse genomes by remov-
ing repetitive sequences and only considered alignment
chains greater than 200 kb to exclude the spurious
alignment chains that often localize in duplicated
regions.

Human continuation-of-synteny is deWned as a rela-
tionship between two distinct breakpoints in human–
mouse synteny. The criteria of continuation-of-synteny
are the following: (1) a continuous syntenic sequence
in the mouse genome is broken into two non-consecu-
tive locations in the human genome, and (2) the two
distinct breakpoints in the human genome are Xanked
by at least 5 kb of segmental duplications with at least
85% identity.

To determine all instances that satisfy the Wrst crite-
rion we sorted the alignment chains by mouse chromo-
somal position. For each pair of consecutive alignment
chains in the mouse genome, we veriWed that they
aligned to two non-consecutive regions in the human
genome. Then to determine whether the breaks in synt-
eny shared Xanking identical segmental duplications,

the sequence Xanking both breaks in conserved synt-
eny was aligned using BLAST. The Xanking sequence
for each break in conserved human–mouse synteny
ended at the beginning of the next consecutive align-
ment chain in the human genome. If these two regions
between blocks of conserved synteny in the human
genome contained alignments that exceeded 5 kb in
total length with 85% sequence identity we considered
this a single instance of continuation of synteny. Inver-
sions polymorphisms that produce reciprocal examples
of continuation of synteny, like the 4p16 inversion for
example were considered only one instance of continu-
ation of synteny.
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